Mechanisms of natural selection can be identified using experimental approaches. However, such experiments often yield nonsignificant effects and imprecise estimates of selection due to low power and small sample sizes. Combining results from multiple experimental studies might produce an aggregate estimate of selection that is more revealing than individual studies. For example, bony pelvic armour varies conspicuously among stickleback populations, and predation by vertebrate and insect predators has been hypothesized to be the main driver of this variation. Yet experimental selection studies testing these hypotheses frequently fail to find a significant effect. We experimentally manipulated length of threespine stickleback (Gasterosteus aculeatus) pelvic spines in a mesocosm experiment to test whether prickly sculpin (Cottus asper), an intraguild predator of stickleback, favours longer spines. The probability of survival was greater for stickleback with unclipped pelvic spines, but this effect was noisy and not significant. We used meta-analysis to combine the results of our mesocosm experiment with previously published experimental studies of selection on pelvic armour. We found evidence that fish predation indeed favours increased pelvic armour, with a moderate effect size. The same approach found little evidence that insect predation favours reduced pelvic armour. The causes of reduced pelvic armour in many stickleback populations remain uncertain.
Introduction
Measurements of natural selection in the wild have become commonplace (Kingsolver et al., 2001) . However, identifying the mechanisms of natural selection, which requires demonstrating links among the agent of selection, differential fitness and a change in trait distribution, presents a greater challenge. Furthermore, to ensure that the trait of interest is the direct target of selection requires manipulation of the trait. Observational studies of natural selection in the wild can help to identify agents of natural selection, but by themselves are correlational and provide only indirect evidence that the putative agent of selection is the cause of the change in trait distribution (Wade & Kalisz, 1990) .
Experimental studies of selection, in which a focal population varying in the trait of interest is exposed to a putative agent of selection, can be a valuable tool for testing the mechanisms of selection. However, selection experiments are notoriously difficult to perform, and as a result, often lack the sample size required to generate a precise estimate of the effect size. Measurements made in the wild typically report that selection on morphological traits is weak to moderate Kingsolver et al., 2001) and may fluctuate over time (Siepielski et al., 2009; Morrissey & Hadfield, 2012) ; therefore, the effect of selection may be difficult to detect experimentally. Even if an effect is detected, wide confidence intervals for the estimate of selection on the trait of interest hinder assessment of the putative agent's importance.
Combining results from multiple experimental studies of the same or a similar agent of selection might offer a solution to these difficulties by producing an aggregate estimate of the mean selection coefficient that is more precise than any individual study (Arnqvist & Wooster, 1995; Hersch & Phillips, 2004; MacColl, 2011) . Metaanalysis has been used to estimate effect size of selection on plant growth in response to agents of selection such as increased temperature, defoliation and stress (e.g. Koricheva et al., 1998; Arft et al., 1999; Ferraro & Oesterheld, 2002) . This technique has not been widely applied to experimental measures of selection in animals (but see Møller & Thornhill, 1998; Riessen, 1999) .
Here, we use this approach to evaluate the role of different predators on armour evolution in several species of stickleback fishes. Threespine and related species of stickleback display a wide range of differences among populations in bony armour and numerous other traits (Bell & Foster, 1994) . Stickleback populations inhabiting similar environments frequently show parallel changes in the same traits under similar environmental conditions, suggesting that parallel trait variation may be caused by ecological factors (e.g. McKinnon & Rundle, 2002; Kaeuffer et al., 2012) . This link between phenotypic variation and environmental variation has made the stickleback a model organism for investigating parallel adaptive evolution.
Our study examines the mechanisms of selection on variation in pelvic armour -one of the most conspicuous phenotypic differences among stickleback populations (Bell & Foster, 1994) . The stickleback pelvis is a bony structure consisting of a pelvic girdle and two hinged pelvic spines (Bell, 1988) . When extended, the pelvic spines brace against the pelvic girdle, allowing them to remain 'locked' open, even after death (Reimchen, 1983 ). Marine and many freshwater populations have a robust pelvis with long spines. Complete loss of the pelvic structure has occurred independently in multiple freshwater populations of threespine stickleback (Gasterosteus aculeatus), ninespine stickleback (Pungitius pungitius) and brook stickleback (Culaea inconstans) (Nelson, 1969; Nelson & Atton, 1971; Klepaker et al., 2013) . Pelvic loss has a genetic basis that may have repeatedly evolved in Gasterosteus (Shapiro et al., 2004; Chan et al., 2010) and Pungitius (Shapiro et al., 2009; Shikano et al., 2013) . Some populations are polymorphic in pelvic armour (Bell, 1988; Lescak et al., 2013) with frequencies stable over multiple generations (Lescak et al., 2013) or associated with different size classes or sexes (Reimchen & Nosil, 2002; Kitano et al., 2007) .
Predation by vertebrates and by insects has been hypothesized to be the main driver of variation in pelvic armour. It is theorized that long pelvic spines increase the probability of stickleback escape from attack by predatory fish and birds because they pierce the mouthparts of these vertebrate predators and increase the effective diameter of the stickleback, thereby making it more difficult for the stickleback to be swallowed (Hoogland et al., 1956; Hagen & Gilbertson, 1972) . Several lines of observational evidence support the hypothesis that longer pelvic spines provide protection from fish predators. In laboratory feeding trials, pike (Esox lucius) preferentially consumed despined stickleback (Hoogland et al., 1956) . In the wild, stickleback sampled from the stomachs of trout (Oncorhynchus clarkii) have shorter spines than live stickleback collected using seine nets (Moodie, 1972) . Lastly, increased armour and longer pelvic spines are positively correlated with density or number of species of piscivorous predatory fish (Moodie, 1972; Vamosi, 2003; Kitano et al., 2008; Marchinko, 2009; Miller et al., 2015) .
In contrast, predation on juvenile stickleback by large aquatic insects is thought to favour reduction or loss of pelvic armour (Hoogland et al., 1956; Hagen & Gilbertson, 1972; Reimchen, 1980) . Dragonfly nymphs (Aeshna sp.) can eat 1-2 small juvenile stickleback per day (Hoogland et al., 1956; Reimchen, 1980) . For example, stickleback from freshwater populations, where aquatic insects are present, typically have reduced pelvic armour compared with stickleback from the sea, which lacks aquatic insects (Klepaker et al., 2013) . One hypothesis is that spines provide a convenient 'handhold' for insect predators to capture and hold on to stickleback (Reimchen, 1980) . Consequently, stickleback with shorter or absent spines should avoid capture more easily. An alternative hypothesis is that individual stickleback with more armour grow more slowly than fish with reduced armour because investment in armour traits requires resources that would otherwise be used for growth (Marchinko & Schluter, 2007) . Increased armour might thus prolong the length of time during which juvenile stickleback are small in size and most vulnerable to insect predation (Marchinko & Schluter, 2007) . Lastly, more heavily armoured fish have a slower startle response, which may make them more likely to be captured by insects (Andraso & Barron, 1995) .
Selection experiments testing the role of predators as agents of selection on pelvic spines have produced inconsistent results. Predatory fish more readily consume stickleback with shorter pelvic spines in some experiments (e.g. Reist, 1980a; Lescak & von Hippel, 2011) , whereas other experiments show no significant effect (e.g. Reist, 1980a; MacColl & Chapman, 2011) . Similarly, some experimental studies have shown that insect predators preferentially consume stickleback with longer pelvic spines (Reist, 1980b; Marchinko, 2009) , whereas other experiments report nonsignificant effects or effects in the opposite direction (e.g. Lescak et al., 2012; Zeller et al., 2012; Mobley et al., 2013) . In all cases, estimates of selection on pelvic armour in these experiments are based on a small number of trials, yielding highly uncertain estimates of the effect size.
In this study, we examine the mechanism of selection on stickleback pelvic armour with an experiment and a meta-analysis. Our experiment focuses on selection on pelvic spine length resulting from predation by prickly sculpin (Cottus asper), an intraguild predator that both eats stickleback and competes with stickleback for benthic prey. Stickleback populations sympatric with sculpin consistently have longer pelvic spines than stickleback from lakes in which prickly sculpin are absent (Miller et al., 2015) , and this variation in pelvic spine length among populations has a genetic basis (Rogers et al., 2012; Miller et al., 2015) . However, causation cannot be inferred from this pattern alone. A previous mesocosm experiment found stickleback from a lake without sculpin had higher mortality rates from sculpin predation than stickleback from a lake with sculpin (Ingram et al., 2012) . However, it is not known which traits decreased mortality of fish from the sculpin-sympatric population. Although longer pelvic spines might have contributed, stickleback sympatric with sculpin possess other adaptations including genetically based differences in behaviour and body shape (Ingram et al., 2012; Miller et al., 2015) . We carried out an experimental manipulation to test whether sculpin are a direct agent of selection on stickleback pelvic spine length.
To address the problem of low power and wide confidence intervals in selection experiments, we combined the results of our mesocosm experiment with previously published experimental studies of selection on pelvic armour. Using a meta-analysis, we determined the mean magnitude and direction of selection on pelvic armour by both fish and insect predators.
Materials and methods

Mesocosm experiment
In May 2013, experimental mesocosms were established in twenty 1136-L plastic cattle tanks 1 m deep by 2 m wide. Mesocosms were filled with water and seeded with benthic mud and zooplankton collected from nearby experimental ponds. To stimulate primary production, 0.05 g KH 2 PO 4 and 1.0 g KNO 3 were added to each mesocosm. A 25-cm-diameter open-ended cylinder constructed from stiff black 7-mm plastic mesh was attached to the side of each cattle tank and suspended horizontally 0.5 m above the bottom to provide shade and a refuge from predation. Mesocosms were allowed to settle for 2 weeks prior to the addition of fish.
Adult stickleback were collected from Paq Lake and Ambrose Lake and sculpin were collected from Paq Lake using minnow traps and by dipnet. Fish were transported to 100-L holding tanks in the aquatic facility at the University of British Columbia and allowed to recover for several days. Paq and Ambrose lakes are in separate watersheds in the Sechelt Peninsula. Both lakes contain a simple fish community composed of threespine stickleback, prickly sculpin and coastal cutthroat trout.
To create variation in the length of the pelvic spine, stickleback were briefly anaesthetized in (1 g L À1 ) and pelvic spines were clipped to 2.5 mm
[the average length of stickleback pelvic spines from lakes without sculpin (Miller et al., 2015) ; Fig. S1 ]. Control stickleback were anaesthetized and handled in a similar manner but pelvic spines were not modified. Stickleback were returned to the 100-L tanks for 24 h of observation. There was no mortality following spine clipping.
The standard length of each stickleback was measured prior to introduction (36.5-60.6 mm). Four of each size-matched clipped and unclipped stickleback were added to each mesocosm (eight in total). Paq Lake stickleback were used for 10 mesocosms and Ambrose Lake stickleback were used for the remaining 10 mesocosms. Following the first set of trials, sufficient Paq Lake stickleback were available for six additional trials (N = 26 trials in total). A single sculpin (95-105 mm) was added to each mesocosm 2 days after the stickleback introduction. A visual survey of the number of stickleback in each mesocosm was conducted daily. Stickleback that died from causes other than sculpin predation were replaced with a similar-sized individual with the same pelvic phenotype. A trial was considered complete when half of the stickleback were consumed. At that time, the sculpin was removed and the remaining stickleback were collected. We carefully examined each stickleback for signs of injury and recorded standard length and pelvic phenotype. Over the course of the experiment, visibility in mesocosms decreased. As a result, several trials were stopped when greater or fewer than four stickleback remained. To ensure that all surviving stickleback were collected, each mesocosm was trapped with minnow traps for 48 h.
Paired t-tests were performed separately for Paq and Ambrose Lake mesocosms to compare the frequency of surviving clipped and unclipped stickleback. Standard length among surviving clipped and unclipped stickleback was also compared with paired t-tests. To avoid zero values, a 0.5 correction was added to each category (clipped survived, clipped died, unclipped survived and unclipped died) and the log odds ratio was calculated for each trial. A summary log odds ratio was estimated using the Mantel-Haenszel method (Borenstein et al., 2009) . A positive log odds ratio indicates stickleback with unclipped spines were more likely to survive, and a negative log odds ratio indicates increased survival of stickleback with clipped spines. We tested the relationship between sculpin body size and log odds ratio using a linear mixed-effects model with Lake as a random effect.
Comparison with other selection studies
We conducted a meta-analysis by searching the literature for experimental studies measuring selection on stickleback pelvic armour by insectivorous or piscivorous predators. We surveyed all known studies carried out on threespine, ninespine and brook stickleback. The set of studies included four species of insect predators and four species of fish predators. Experimental studies were conducted by adding stickleback with variation in pelvic armour to a mesocosm containing a predator. Some of the studies included both predation and control treatments. However, most studies included only predator-present trials, but these were carried out in artificial settings in which the authors could assume that predation was the only source of selective mortality on the phenotype. Each study measured survival of stickleback varying in pelvic phenotype. Variation in pelvic armour was achieved by using study populations having naturally occurring variation in pelvic spine presence/absence, by physical modification of pelvic spine length or by using F2 or backcross hybrids between individuals from populations having divergent pelvic phenotypes. All experiments were relatively short-term, which limited the amount of fish growth during experimental trials. Thus, insect predation experiments tested the direct effects of armour on survival but not indirect effects of armour on survival via changes in growth.
Studies were only included in the meta-analysis if sufficient information was available to calculate the standard error of the effect size, which required multiple independent trials. Using these criteria, we excluded Ziuganov & Zotin (1995) because the study had a single replicate. We were also forced to leave out Reimchen (1980) because results from multiple replicates were pooled, which loses all information on the variance between trial outcomes. Although Reist (1980a, b) presented pooled data across replicates, the results for most trials were available in Reist (1978) . When data for individual trials were not available, we contacted the authors of the original study. The authors of the studies Leinonen et al. (2011a) , MacColl & Chapman (2011) and Mobley et al. (2013) generously provided raw data for individual trials. Trial data from Reimchen (1980) were no longer available.
As our measure of effect size, we used standardized mean difference in trait values, d, between treatments (predation -control) or after selection (survivorsbefore). This metric is very similar to the standardized selection differential (i) (equation 6.1 in Endler, 1986) except that d uses the pooled standard deviation across groups, whereas i uses the standard deviation from only the control treatment. The values of the two measures were always similar. For studies reporting a continuous measure of pelvic spine length, d was calculated using the formula for independent groups (Borenstein et al., 2009) . For studies measuring selection on the presence/ absence of the pelvic structure, a log odds ratio was calculated from the proportion of survivors with and without pelvic spines/girdles in the two treatments for each trial. A correction of 0.5 was added to all experiments when studies reported zero values for any category. An overall summary log odds ratio was calculated for each experiment using the Mantel-Haenszel method (Borenstein et al., 2009) . Summary log odds ratios were converted to d to facilitate comparisons across studies (Hasselblad & Hedges, 1995) . A limited number of studies also measured selection on fish body size (standard length). We computed effect size of selection in these studies using the same methods described above.
We used a random-effect meta-analysis model because experimental design, target population and stickleback species varied among studies (Borenstein et al., 2009) . The summary effect for the meta-analysis was calculated separately for insect and piscivorous predator experiments. Effect sizes were weighted using the inverse of the sampling variance of the experiment (Borenstein et al., 2009) . The random-effects model assumes that the true effect size varies from study to study (Borenstein et al., 2009) . The summary effect is therefore an estimate of the mean of the distribution of true effect sizes of pelvic armour. To minimize bias from the inclusion of multiple experiments from a single study, we calculated a second summary effect for each predator type using a single estimate for each study. A fixed-effects model was used to estimate the summary effect for each study. As before, a randomeffect model was then used to calculate an overall summary effect across studies. A summary effect for standard length was similarly calculated with a random-effect model separately for insect and piscivorous predators. All summary effects were calculated using the 'meta' package (Schwarzer et al., 2015) in the R statistical environment (R Development Core Team, 2015, v3.1.2).
Results
Mesocosm experiment
Trials took 15-50 days to reach 50% stickleback mortality. None of the surviving stickleback exhibited evidence of wounds from unsuccessful predation attempts. We found no significant difference in survival of stickleback with clipped and unclipped pelvic spines (Fig. 1 , Table S1 ; Paq: t = 0.75, d.f. = 15, P = 0.47; Ambrose: t = 0, d.f. = 9, P = 1). The summary log odds ratio for all trials was 0.118 (95% CI: À0.358, 0.594) representing a nonsignificant 11.1% increase in survival probability for stickleback with unclipped pelvic spines, but the confidence intervals were wide. Results were similar when comparing each lake individually (Paq Lake: 0.189, 95% CI: À0.414, 0.793; Ambrose Lake: 0.00, 95% CI: À0.775, 0.775). Surviving clipped and unclipped stickleback did not differ significantly in standard length (Paq: t = À0.09, d.f. = 15, P = 0.93; Ambrose: t = À1.45, d.f. = 9, P = 0.18). There was no difference between mean standard length at the start of the experiment and mean standard length of the survivors (Paq: t = À1.19, d.f. = 15, P = 0.25; Ambrose: t = À0.48, d.f. = 9, P = 0.65). Sculpin length did not affect the log odds ratio (F 1,23 = 0.67, P = 0.42).
Meta-analysis of selection studies
We identified 25 published and unpublished experiments that met our criteria. Combined, these experiments represented 213 independent trials measuring selection on pelvic armour by fish or insect predators. A funnel plot of the distribution of effect sizes found no evidence of publication bias in insect or fish predation experiments (Fig. S2) . The variance in the effect size among experiments was higher for insect predation experiments than for fish predation experiments (Fig. S2) . Standard length data were available for three fish predation experiments and five insect predation experiments. Details and effect sizes for all studies are reported in Tables 1 and 2. In fish predation experiments, longer pelvic spines significantly increased stickleback survival (Fig. 2) , with a mean effect size of 0.12 (95% CI: 0.02, 0.23; P = 0.02; n = 14 experiments). This represents an increase in the mean pelvic spine length by 0.12 standard deviations in the presence of fish predators, with a confidence interval of moderate width (95% CI 0.02-0.23). Only one of the 14 individual experiments was statistically significant (Table 1 ; Fig. 2) suggesting that low power is a chronic issue in such selection experiments. Using a single estimate for each study (n = 5 studies) yielded similar results, with a summary mean effect of 0.14 ( Fig. S3 ; 95% CI: 0.003, 0.27; P = 0.05).
The estimated mean effect of insect predation on pelvic spines was weak (À0.06; 95% CI: À0.31, 0.19; P = 0.63; n = 11 experiments) and not statistically significant (Fig. 3) . Two of the 11 individual experiments reported a statistically significant effect, but one of them was in the opposite direction of the summary effect. Even if an effect is real, a high proportion of significant outcomes are predicted to be in the wrong direction when experiments have low power (Gelman, 2014) . The summary mean effect was 0.04 (95% CI: À0.19, 0.28; P = 0.71) when we use the single estimate for each study ( Fig. S4 ; n = 6 studies).
In populations with natural trait variation, pelvic spine length is correlated with variation in other traits, and consequently, it is impossible to distinguish between direct selection for pelvic spines and indirect selection on a correlated trait such as body size in these experiments. For studies reporting standard length, only Zeller et al. (2012) used natural populations, whereas the remaining studies used physical modification or artificial crosses. Fish predators had no significant effect on standard length in these experiments (Fig. S5) . The summary mean effect of fish predation on standard length was 0.09 (95% CI: À0.72, 0.90; P = 0.83). Insect predators preferentially consumed smaller fish (Fig. S5) , with a summary mean effect of 0.27 (95% CI: À0.14, 0.67; P = 0.20), but the estimate was highly uncertain and the effect was not significant.
Discussion
Experiments that manipulate putative agents and targets of selection are one of the best methods for understanding the mechanisms of selection. When selection experiments are limited by low power and yield imprecise estimates of selection, meta-analysis can be useful to provide an overall test of the aggregate estimate of selection. The results of our experiment and metaanalysis of predation's effect on pelvic armour in stickleback suggest that fish predation favours longer pelvic spines in stickleback. The magnitude of this selection was small to moderate. At this time, we are unable to Number of stickleback Unclipped Clipped Paq Fig. 1 Number of surviving threespine stickleback having clipped and unclipped pelvic spine treatment at the end of the mesocosm experiment (this study). Lines connect points from the same mesocosm. Trials were started with four stickleback of each phenotype. Trait abbreviations are as follows: PG, presence/absence of pelvic girdle; PS, pelvic spine length; SL, standard length. Significant effect sizes are given in bold. Unreplicated experiments were excluded from the meta-analysis (*).
Table 2
Experimental studies of selection on stickleback pelvic armour and body size (standard length) by insect predators. Variation in the length of pelvic spines (source of variation) was obtained from populations with naturally occurring variation, by creating crosses between populations with divergent pelvic spine lengths, or by experimentally modifying spines. All effect sizes were converted to the standardized mean difference (d).
Author ( Trait abbreviations are as follows: PG, presence/absence of pelvic girdle; PS, pelvic spine length; SL, standard length. Significant effect sizes are given in bold. Experiments were excluded from the meta-analysis when unreplicated (*) or when results from multiple trials were presented as pooled data ( †).
support or reject the hypothesis that insect predators favour reduced pelvic armour. Prickly sculpin have been hypothesized as an agent of selection for longer pelvic spines. We tested this hypothesis by experimentally modifying the length of pelvic spines and measuring differential mortality between stickleback with clipped and unmodified pelvic spines. We observed an 11% increase in the probability of survival for stickleback with unclipped pelvic spines. However, the confidence intervals for this estimate overlapped with zero and this effect was not statistically significant. From these data alone, we were unable to conclude that prickly sculpin preferentially consumed stickleback with shortened pelvic spines.
There are three possible reasons for the failure to detect selection on pelvic spine length from prickly sculpin predation. (i) Sculpin are not an agent of selection on this trait. In this case, perhaps other predators, such as coastal cutthroat trout or birds, could favour longer pelvic spines in lakes containing sculpin. Lakes without sculpin also contain these predators, but it is conceivable that sculpin predation indirectly increases predation and selection on stickleback by these other predators by apparent competition or by habitat shift Fig. 2 Forest plot of the effect size of all fish predation experiments on pelvic armour. The centre of the grey box indicates the mean of the effect size (d) for each experiment, and the area of the grey box is proportional to the weight of that study in the meta-analysis. The horizontal lines span the 95% confidence interval of the effect. The weighted mean was calculated using a random-effects model. W is the weight of the study in the model. The weighted mean is indicated by the vertical dotted line, and the 95% confidence interval of this estimate is contained within the black diamond.
Study
Weighted mean Fig. 3 Forest plot of the effect size of all insect predation experiments on pelvic armour. The centre of the grey box indicates the mean of the effect size (d) for each experiment, and the area of the grey box is proportional to the weight of that study in the meta-analysis. The horizontal lines span the 95% confidence interval of the effect. The weighted mean was calculated using a random-effects model. W is the weight of the study in the model. The weighted mean is indicated by the vertical dotted line, and the 95% confidence interval of this estimate is contained within the black diamond. (Miller et al., 2015) .
(ii) The experiment was flawed. A challenge of selection experiments is choosing the correct size class of both the agent and target of selection (Endler, 1986) . Natural selection could favour longer pelvic spines only when sculpin and stickleback belong to specific size classes other than those used in the experiment. The current experiment used adult sculpin near the upper limit of the size range of sculpin in Paq Lake (personal observation), whereas smaller sculpin might be more gape-limited and hence a more effective agent of selection on armour in the size class of stickleback used here. Additionally, spine manipulations may not have been successful because spines were all clipped to the same length rather than scaled to body size. Lastly, mesocosms may not effectively replicate predation in a realistic environmental setting. (iii) Natural selection favoured longer pelvic spines, but we were unable to detect an effect because our experiment was underpowered (type II error). We observed a trend towards increased survival of stickleback with unclipped pelvic spines, but as in most other experiments of this kind (Fig. 2) , this result was not statistically significant and confidence intervals for treatment effects were large. Partly to overcome the lower power of individual studies, we compiled a meta-analysis of experimental studies of selection on pelvic armour from insect and fish predators. We found that fish predators indeed selected for longer pelvic spines, with a summary effect size of 0.12 units of a standard deviation, even though only one of 14 individual experiments (including our own) yielded an effect size that excluded zero, and despite the heterogeneity among studies in species and design. This value represents a small-to-moderate effect on fitness and is comparable to 0.14, the mean absolute value for the standardized linear selection differential obtained by Kingsolver et al. (2001) . This effect size is nevertheless potentially evolutionarily significant. If we assume that pelvic spine length has a heritability of 0.38 (Leinonen et al., 2011b) and that selection acts consistently with a coefficient somewhere between the lower and upper limit of our 95% confidence interval, we predict that the mean pelvic spine length would increase by one standard deviation in 19-165 generations. The effect size was similar when experiments were combined into a single estimate for each study. On the basis of our meta-analysis, and in agreement with observational studies, we conclude that fish predators are an agent of selection favouring increased pelvic armour. However, due to the heterogeneity of study designs, we cannot rule out the possibility that selection is acting upon a correlated trait rather than direct selection for increased pelvic spines.
In contrast, it is still unclear whether insect predators are an agent of direct selection favouring reduced stickleback pelvic spines. The summary effect size indicated a very small increase in survival for stickleback with shorter pelvic spines. However, the large confidence interval for this estimate ranges from À0.31 to 0.19, preventing us from ruling out selection for either increased or decreased pelvic armour by insects. Although Reimchen's (1980) hypothesis has been frequently cited, there is as of yet no convincing experimental evidence in support of insect predators selecting for reduced pelvic armour by the 'handhold' or other mechanisms.
Studies included in the meta-analysis measured selection at a range of body sizes in multiple stickleback species for several species of insect predator. This variation in methodology may obscure the effect of insect predation. For example, Lescak et al. (2012) observed that dragonfly naiads preferentially consumed stickleback with the most pelvic armour when the fish were smaller than the dragonfly but preferred stickleback without pelvic armour when the fish was larger than the dragonfly. Different species of insect predators may also vary in the strength or direction of selection upon pelvic spine length. This meta-analysis lacked sufficient experimental studies of each insect species to test for variation in selection among insect species or among stickleback of different size classes.
These uncertainties leave open the question of what is the selective mechanism underlying loss or reduction of the pelvic armour in many stickleback populations. Previously stated hypotheses may be correct, but tests of these hypotheses remain underpowered. Several alternative hypotheses may explain reduction in pelvic spine length. Indirect selection against pelvic spines may occur because investment in armour reduces availability of energy and minerals such as calcium or phosphorus for growth (Giles, 1983) . Stickleback are primarily eaten by insects when they are small; therefore, a slower growth rate increases the length of time in which stickleback are vulnerable to insect predation. Direct selection for increased growth rate could lead to indirect selection for decreased armour. However, support for this 'ion limitation hypothesis' is mixed. The summary effect of insect predation on standard length revealed that insects preferred to consume smaller stickleback. This effect was not significant, but due to the reduced number of studies measuring this trait, our power to detect an effect was limited. Marchinko & Schluter (2007) raised stickleback with differing numbers of lateral plates, another type of bony armour, in freshwater and saltwater. Supporting the ion limitation hypothesis, in freshwater, stickleback with more lateral plates grew more slowly compared to stickleback with fewer lateral plates. However, a later study by Rollins et al. (2014) did not detect higher growth rate of stickleback with decreased pelvic armour in the laboratory or in the wild, suggesting that ion limitation may vary among traits or that the effect was too small to detect in that study. In an observational study in Alaskan lakes, Bell et al. (1993) found that pelvic reduction was associated with low calcium concentrations when predatory fish were absent from the lakes, but not when native piscivorous predators were present. However, pelvic reduction has been observed in Canadian lakes with high concentrations of calcium (Klepaker et al., 2013) . Other hypotheses have proposed that reduced pelvic armour increases buoyancy (Myhre & Klepaker, 2009 ) and manoeuvrability (Reimchen, 2000) . Investigation of these potential alternative mechanisms of selection will require future experimental studies.
Meta-analysis has the potential to be a powerful method for analysing experimental studies of selection in other organisms. We have demonstrated that combining multiple studies can yield a significant summary estimate of the effect of selection even when individual studies lack power and precision. A single experimental selection study produces an effect size for a given agent of selection under specific environmental conditions. Such estimates are often noisy with large confidence intervals. In contrast, a summary effect estimates the mean of the distribution of the true effect sizes. Consequently, the summary effect may have lower sampling error than individual studies, and is useful as an overall estimate of selection. For a selection study to be included in a metaanalysis, it must be possible to calculate the standard error of the effect size for the study. We encourage future selection experimenters to include multiple independent trials in their experiments, to report experiments with nonsignificant results and to make the results of each individual trial available in the paper or in online data repositories.
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